In the spirit of celebration associated with the 20th anniversary of the Pennington Biomedical Research Center, we have seized the opportunity of taking a highly personal and not at all comprehensive 'whistle-stop tour' of a large body of evidence that, we feel, supports the following conclusions: (1) that body fat stores are regulated by biological control processes in humans as they are in lower animals; (2) that there are major inherited influences on the efficiency whereby such control processes operate in humans; (3) that the precise nature of those genetic and biological influences and how they interact with environmental factors are beginning to be understood; (4) that most of the genes discovered thus far have their principal impact on hunger, satiety and food intake; (5) that while there is understandable resistance to the notion that genes can influence a human behavior such as the habitual ingestion of food, the implications of these discoveries are essentially benign. Indeed, we hope that they may eventually lead to improved treatment for patients and, in addition, help to inculcate a more enlightened attitude to the obese with a reduction in their experience of social and economic discrimination.
Introduction
Obesity is a serious medical and socioeconomic problem Obesity is defined as an excessive storage of energy as fat, which has adverse effects on health. It has adverse effects on sufferers in many dimensions of their lives. Obese people suffer increased mortality and morbidity from cardiovascular, gastroenterological, and malignant disorders along with many other conditions. 1, 2 In addition, quite frequently obese people are denied access to other beneficial medical interventions on the basis of often poor evidence that these interventions are less likely to be successful in the obese. Although most overweight and modestly obese individuals do not suffer undue psychological consequences, there is no doubt that those with morbid obesity can suffer major psychological morbidity. 3 The social and economic consequences of obesity are not widely appreciated. There is very clear evidence that being an obese adolescent and young adult can markedly impair later employment and social prospects independent of scholastic achievement and parental socioeconomic status. 4 In an era where discrimination on the basis of sex, race and religion is an anathema, it is easy to find examples of overt discrimination against the obese by the briefest perusal of the lay media. 5 We hope that a better understanding of the biological factors underlying human obesity will not only eventually lead to improved therapy but might also, in some small way, eventually help to alter the mind set of those who currently prefer condemnation to comprehension. 'Tout comprendre, c'est tout pardonner.'
Discussion
There is strong evidence for the heritability of human fat mass and body weight Obesity is not infrequently considered to be primarily either a dysfunctional individual lifestyle choice or the inevitable consequence of a socioeconomic environment, which provides abundant, cheap and aggressively advertised palatable food combined with the lack of need for physical activity at work or at home. 6 Despite the unequivocal evidence for heritable factors in obesity, the fact that society has become aware of an 'obesity epidemic' over the last few decades leads many to conclude that any etiological effects of underlying biological factors must be relatively trivial. We would argue that the importance of such underlying biological factors has been underestimated. The evidence that one's body mass index (BMI) (the best available measurement surrogate for total body fat) is heritable is extremely strong. 7 These data come from studies of identical versus non-identical twins and adoptees compared with their biological and adoptive relatives. [8] [9] [10] Perhaps most striking are the data from studies on Swedish twins by the American psychiatrist, Micky Stunkard. Stunkard found that when identical twins were separated at or near birth and brought up in different families that their adult BMI bore little resemblance to that of the family into which they were adopted but had a strong correlation with the identical twin whom they had not seen since infancy. 11 Critics of this sort of data point to the fact that we are now in an era where obesity has reached epidemic proportions and the effects of the 'toxic environment' must now be much greater (with the corollary that the influence of genetics is much less). However, Jane Wardle and Robert Plomin 12 (University and Kings College London, respectively) have recently studied British identical and non-identical twin children in London and estimated the heritability of BMI to be still of the order of 80%. Any serious thinking about the etiology of obesity has to grapple with the very striking data regarding its strong heritability. A changing environment clearly shifts the distribution of BMI in a population but the determinants of where an individual sits on that distribution are still strongly influenced by genes even in the midst of an 'obesity epidemic.'
Historic insights into the biological control of mammalian energy balance If inherited factors are important in obesity, they must be operating through biological processes. The average adult human has consumed an inconceivably large amount of energy throughout his or her lifetime and expended an equally impressive number of those calories to result in a body weight and degree of adiposity that remains remarkably stable (with a usual upward creep) throughout adult life. What can account for such stability?
The notion that there are biological regulatory factors that tend to keep fat stores within certain limits in all animals is an old one. However, perhaps the best and most compelling animal data come from experiments undertaken by a British physiologist, Gordon Kennedy, in the 1950s who showed that rats which were either over-or underfed for a period of weeks and then returned to an ad libitum diet rapidly altered their food intake to return to their previous weight trajectory. 13 In principle, how could they do this? Fundamentally, the issue of obesity is rather a simple one. It can only involve one of two processes, either increased food intake or decreased energy expenditure. There is a third potential modulating factor, referred to as 'nutrient partitioning,' which is the tendency to lay down any extra energy as either fat or lean tissue. However, the constraints under which the latter operates are tight, and it is unlikely that primary defects in nutrient partitioning are a major player in the determination of whether an individual is lean or obese. The first real clues regarding where in the body the control systems are most likely to reside came from human 'experiments of nature.' In the eighteenth century, Frohlich and other German physicians reported the development of severe obesity in patients with tumors in the region of the brain known as the hypothalamus. 14 This was the first evidence pointing towards this region of the brain as an important control center for energy balance. In the 1940s to 1950s, American scientists explored this experimentally by creating lesions in the hypothalami of rats. 15, 16 They found that when they damaged the medial hypothalamus, rats became ravenously hungry (hyperphagic) and obese, whereas if both lateral parts of the hypothalamus were damaged, rats frequently lost interest in eating and became very thin. In 1959, Hervey, 17 a Cambridge-based physiologist, reported an experiment that could be considered as the first key experiment in a chain of discovery leading to our current understanding of the control of energy balance. Hervey was interested in the possibility that circulating factors might influence body weight. He undertook parabiosis experiments whereby littermate rats were made into artificial 'Siamese twins' by linking their circulations together. He then, when the rats were adult, created a medial hypothalamic lesion in one of the rats, which became very obese. Remarkably, the other rat lost interest in eating and markedly reduced its body weight. This provided the first clear evidence that there is most likely to be a circulating substance that was increased in the blood of an obese animal and was capable of crossing into the circulation of a normal lean animal, suppressing its food intake and body weight.
The next important conceptual advance in this area came from the Jackson Laboratories, Maine, USA. In an inbred strain of severely obese mice (ob/ob), Doug Coleman undertook parabiosis experiments that were to prove seminal. 18, 19 Coleman showed that by parabiotically linking an ob/ob mouse to a normal mouse, the body weight of this vastly obese mouse reduced substantially, suggesting that the normal mouse was providing a corrective circulating factor that was naturally deficient in the obese partner. It took the power of modern molecular biology for Jeff Friedman and colleagues at the Rockefeller, at a time when such technology was very challenging, to positionally identify the genetic lesion in the ob/ob mouse. 20 Remarkably, it turned out that the ob/ob mouse was defective in a gene encoding a protein that was expressed largely, if not exclusively, in adipose tissue. In normal mice as body fat increased, circulating leptin concentrations increased, and the administration of leptin to ob/ob mice completely reversed all the obesity and associated phenotypes. 21, 22 This was replicated entirely by small doses of leptin administered directly into the brain, suggesting that the main effect of leptin was to act as a signal from adipose tissue to the brain regarding the quantity of fat tissue stored. 23 Jeff Flier and colleagues at the Beth Israel
Hospital in Boston were the first to elegantly show that leptin was most likely to have evolved as a signal for
Inheritance and human obesity S O'Rahilly and IS Farooqi starvation rather than nutrient excess, in that the rapid fall of leptin in the plasma seen upon fasting was necessary for the normal neurohormonal adaptations seen with starvation in mammals. 24 Mutations in single genes involved in the central control of energy balance can lead to human obesity At this stage in the mid-1990s, the relevance of leptin to human physiology was uncertain. As humans gain fat mass, in general the levels of leptin increase, 25 and this suggested that either leptin resistance was a major factor in human obesity or indeed that leptin was irrelevant to the control of human body weight. Our laboratory entered this field around that time. We had been (and continue to be) interested in studying humans who were very resistant to the actions of insulin, hoping that these patients were most likely to give novel insights into the human biology of this hormone. 26 As obesity is associated with insulin resistance, we began to become interested in the control of body weight. In the early 1990s, a patient referred to the Addenbrooke's Hospital Endocrine Clinic had severe obesity from a young age but also a range of additional unexplained endocrine disturbances. 27 Through a combination of biochemistry and genetics, we eventually discovered that she had a primary defect in the ability to process certain peptide prohormones. We found compound heterozygous mutations in the prohormone convertase 1 (PC1) gene (now referred to as PC1/3) 28 to be responsible. This is a rare disorder (three other unrelated cases found in our laboratory thus far), and it is speculated that impaired pro-opiomelanocortin (POMC) processing within hypothalamic neurons is an important contributor to the obesity. Around that time, we were increasingly being referred to other children who were obese from a very early age, and one particular pair of first cousins appeared to have a remarkable syndrome of very severe earlyonset obesity and extreme hyperphagia. We found that leptin levels were undetectable, and that these children were homozygous for a frameshift/premature stop mutation in the leptin gene that prevented all normal leptin production. 29 It is a rare privilege in medical research to identify a new condition that is so obviously amenable to treatment. In these and in seven subsequent children with severe obesity associated with complete leptin deficiency, we have been able (with the support of amgen and subsequently amylin) to administer daily injections with recombinant leptin with remarkably beneficial effects on body weight. Strikingly, we have shown that the principal impact of leptin on these children is a marked reduction in spontaneous food intake. 30 ,31 Thus, we were able to complete the 'Koch's postulates' for leptin as an appetite regulatory hormone in humans and confirmed that human appetite and food intake, similar to the mouse, are dependent on the presence of an active leptin signaling pathway. In subsequent years, we and others have shown that human obesity can result from a multiplicity of defects in the downstream pathways of leptin signaling within the brain. 32 These include mutations in the leptin receptor; 33, 34 the POMC gene, [35] [36] [37] which is expressed in hypothalamic cells, which are activated by leptin; in the melanocortin 4 receptor, which is activated by the products of the POMC gene; 38, 39 and, much more rarely, defects in signaling systems that are thought to be downstream of the melanocortin 4 receptor, including the brainderived neurotrophic factor 40 and TrkB systems. 41 Most of these defects are rare but molecular defects in the melanocortin 4 receptor are relatively common. 42 Somewhere between 5 and 6% of children referred to our obesity study have loss of function mutations in the MC4 receptor (MC4R) gene 42 (and unpublished data). An extensive body of work throughout the world indicates that somewhere around 1 in 200 unselected obese people have disease-causing mutations in the melanocortin 4 receptor. 43, 44 This is therefore one of the commonest human single-gene disorders. Because of the frequency of MC4 deficiency, we have been able to explore genotype/phenotype relationships in this disorder in some detail. The most remarkable finding is that we can directly and quantitatively relate the degree of mutational dysfunction found in vitro with measures of spontaneous food intake in vivo. 42 There are a few examples where a specific molecule within the central nervous system can have its function so specifically and quantitatively attributed to a measured human behavior. Thus, by the early part of this century through the work of our group and that of many others, we could conclude that simple genetic defects could lead to severe obesity in humans, that some could be amenable to specific targeted therapy and that the vast majority (indeed all that we have studied directly at this stage) have their primary impact on the control of spontaneous food intake and appetite. The latter point is worth discussing a little further. Although most biologists studying the field of human obesity had long accepted that there were hereditary influences on human obesity, the general consensus was that such hereditary factors were most likely to influence the efficiency with which ingested nutrients were stored or disposed, and few had suggested that hereditary factors might impact on energy intake. The body of work on human monogenic obesity challenged these preconceptions and indicated that hereditary factors could have their major impact on the regulation of appetite and satiety. That is not to say that there will not be genetic factors, which also influence human energy expenditure. Indeed, seminal work on underfed and overfed identical twins by Claude Bouchard (then at Laval University, Quebec, and now Director of the Pennington Biomedical Research Center) provides powerful evidence for the existence of such influences. 45, 46 Genes contributing to common obesity also impact on the central control of energy balance Although the results of these studies are clear, the work was open to the interpretation that the findings in monogenic Inheritance and human obesity S O'Rahilly and IS Farooqi human obesity represented relatively unimportant 'butterflies,' of little relevance to the control of fat mass in the general population. It had been hard to address the latter because studies of genetics of common obesity had been plagued by irreproducible results and underpowered studies. However, the world has changed in the last few years, and the power of genome-wide association studies using large numbers of patients has become very apparent. In early 2007, a consortium of UK investigators led by Mark McCarthy in Oxford and Andrew Hattersley in Exeter described the first common genetic variant associated with human type 2 diabetes. 47 The most powerful effect is that of a polymorphism in the intron of a gene called FTO (fat mass and obesity associated). It seems that the entire effect of the FTO polymorphism on type 2 diabetes risk is mediated through body adiposity. 47 What does this gene do and how could it influence body fat mass? The FTO gene had no immediately apparent homology with any known gene. As it is often the case with science, many groups throughout the world began to look more carefully, and several scientists, including Vladimir Saudek, a visiting scientist in our laboratory, spotted a tentative homology of this gene with a family of non-heme iron 2-oxoglutarate-dependent dioxygenase enzymes. Working together with Tomas Lindahl from the Cancer Research UK labs at South Mimms, UK, and later with Chris Schofield, Chris Ponting, and Fran Ashcroft from Oxford, who had independently spotted the homology, we established unequivocally that FTO was a member of this family of enzymes and was capable of demethylating specific forms of nucleic acid. 48 We also showed that FTO was particularly highly expressed in hypothalamic nuclei concerned with energy balance and, in at least one of those nuclei (the arcuate), that feeding and fasting influence its expression. Although the link between nucleic acid demethylase activity of FTO and its role in obesity is still entirely obscure, the fact that FTO is highly expressed in the hypothalamus and is nutritionally regulated there suggests that it may also play a role in the 'hypothalamic setpoint' of appetite and satiety. In recent work, we have worked in collaboration with Jane Wardle, we have, using wellvalidated questionnaires of eating behavior, showed that children who carry risk alleles in FTO have lowered satiety scores and enhanced food cue responsiveness (unpublished observations). Intriguingly, Ruth Loos, Ines Barroso and colleagues have recently reported that the second most strongly obesity-associated single-nucleotide polymorphism in the human genome is close to MC4R, providing further support for the notion that such common single-nucleotide polymorphisms may influence the central control of energy balance. 49 Genes interact with other stimuli to influence behavior It is clear that a simple reductionist approach to obesity will not explain its full complexity. The homeostatic control of food intake does not occur in a vacuum. The stimulus to eat or stop eating does not simply rely on biological signals from adipose tissue but incorporates post-prandial neural and hormonal influences and the impacts of hedonic, situational or stress-related stimuli. The next era of obesity research will clearly need to involve the study of the interaction of these factors. As one small example of this sort of investigation, we will summarize work recently undertaken in collaboration with Cambridge neuroscientists Paul Fletcher and Ed Bullmore. Two adolescent patients with complete congenital leptin deficiency were shown pictures of (variously appetizing) food or pictures of non-food items, while the blood flow responses of their brains were examined using functional magnetic resonance imaging. 50 In the leptin-deficient state, the visual presentation of food was associated with evidence for dramatic neuronal activation in the areas of the ventral striatum associated with pleasure and reward, with that activation being rapidly normalized by leptin. In the leptin replete state, but while fasting, the activation of the nucleus accumbens correlated nicely with how highly rated the food items were but this correlation was abolished after a meal. In the leptin-deficient state, this correlation persisted in the fed and fasted state, suggesting that leptin deficiency induces a state wherein the 'pleasure centers' of the brain are effectively 'blind' to the recent ingestion of a meal. This small, but we hope paradigmatic, study has shown that the activation of the striatum in response to visual food stimuli is profoundly influenced by leptin status and that the brain's 'liking' versus 'wanting' responses in relation to food are highly dependent on this adipocyte-derived signal.
50
The importance of environment and the modern obesity epidemic can be reconciled with the existence of a major genetic influence on adiposity It is sometimes opined that as obesity has become much more prevalent recently, then any underlying biological factors are most likely to be have become less relatively important. There is little doubt that the average population BMI has increased over the last 50 years and more rapidly over the last 10 to 20 years. There are relatively identifiable drivers for this, including the easy and cheap availability of highly palatable food and the reduction in the need for physical activity in work and leisure time. The relative contributions of these two factors still remain to be resolved. Does the occurrence of this epidemic mean that the underlying biological factors are now less important? We would argue that this is not the case. It is important to see the recent changes in average body adiposity in a long-term evolutionary context. The traditional view of the evolutionary genetics of human obesity has been based upon the work of Neel, 51 emphasizing the evolutionary advantage to humans in developing a 'thrifty genotype' highly selected for during periods of relative nutrient unavailability and now acting in a maladaptive manner to drive obesity now that there is a relative unlimited availability of calories at a very low cost. There are, however, some aspects of the new 52 A major attraction of this hypothesis is that it is fundamentally based on the increasingly established concept that there is an intrinsic energy regulating homeostatic system in humans that can operate at varying efficiencies between individuals. The notion behind the Speakman hypothesis is that during early primate evolution, there was a relatively tight regulation of the efficiency at which such energy homeostatic mechanisms operated. If random genetic mutation tended to make individuals too thin, then this would be selected against because such individuals would not tolerate periods of food shortage but also because of the reproductive consequences of excessive leanness. On the other hand, novel genetic variations that would tend to promote fatness would, at least for 80 million odd years of human evolution, have put our heavier ancestors at greater risk of being predated upon. This data regarding the risk of predation and body fat stores is strongly supported by contemporary evidence in birds and small mammals. However, with the discovery of fire and the creation of social groups in our ancestors around 2 million years ago, our risk of predation was most likely to have been greatly reduced and, while evolutionary constraints on developing a hypothalamic system that would tend to promote leanness persisted, there was some relaxation of the constraints on us tending towards a greater degree of fat storage. However, even if our brains were in general more inclined towards a state of greater energy storage, the amount of physical activity needed to acquire sufficient energy over most of our evolutionary history was so great that few of us would have actually become fat. This has remained the case despite the agricultural revolution (B10000 BCE), and, even since then, most individuals have still had to work physically hard and expand large amounts of energy to acquire sufficient calories to survive. The remarkable change in evolutionary drivers of human weight has only really occurred since the middle of the last century with the vast majority of humans now living in circumstances where the acquisition of sufficient energy for survival or indeed excessive energy storage is much less challenging, even in socioeconomic groups that we consider as 'poor'. Thus, while the effects of random genetic mutation on the efficiency over hypothalamic energy storage mechanisms has gone on for millennia, it is only within the last 50 or so years that those of us genetically predisposed to overweight and adiposity have finally had an opportunity to reach our 'obesity potential'. However, even in those areas of the world where obesity is very common, there is a substantial proportion of the population who remain lean. This hypothesis nicely accommodates those individuals as being the fortunate ones whose hypothalamic set points have not randomly moved upwards through 'genetic drift'. This fundamentally, by emphasizing unidirectional genetic drift rather than positive selection, the Speakman hypothesis provides a much more cogent explanation for the persistence of leanness than does the traditional 'thrifty gene' model.
Conclusion
The emphasis on heritable influences on appetite may be unpopular but that does not make it wrong! We have presented this view of obesity to many general scientific and lay groups over the last few years and have had a highly variable and rather polarized response. Those who object to the presented synthesis tend to make both pragmatic and moral/philosophical arguments. The pragmatic argument is that such a 'hard' biological approach to the problem of obesity presents a 'counsel of despair' to undermine public and personal efforts to combat the problem of obesity. Our response to this is that to combat social and health problem, it is far better to be equipped with a basic knowledge of etiology and pathogenesis rather than ignore causes and assume 'common sense' approaches will be useful. We would argue that understanding the circuitry regulating energy balance is most likely to lead to enhanced pharmacotherapies that may be helpful in morbidly obese patients. It is clear that the development of a safe and effective obesity drug would be an enormous boon to mankind. In the early part of the twentieth century, large numbers of people suffered the ravages of strokes and renal failure secondary to hypertension. Hypertension is now considered as a relatively benign disorder controllable by pharmacotherapy, sometimes requiring multiple drugs. Clinicians think nothing of treating a hypertensive patient with two, three or four drugs to ensure that blood pressure is normalized and the risks of stroke and renal failure are reduced. We see little difference with the problem of obesity and look forward to an era when obese patients have a range of safe and effective drugs available to them that will reduce their risks of diabetes, heart disease and cancer. Somewhat more speculatively we would also like to think that a better understanding of the biology of energy balance and its specific variation between individuals might help in the targeting of behavioral therapy for the treatment and prevention of obesity.
Other objectors tend to take in more moral and philosophical tone. They are uncomfortable with the notion that inherited genetic factors can influence human behavior. They feel that the challenge to the concept of 'free will' debases the concept of ourselves as humans. Our response is that the entire history of modern science is an unfolding story of human discomfiture, as we progressively discover we are not as much in control of things as we would like to think. The solar system does not rotate around the earth; humans have evolved from more primitive species; we have modest genetic differences from our primate cousins.
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However, Homo sapiens does appear somewhat special in its propensity both to explore the world rationally and systematically and to empathize and care for unrelated members of our and other species. Thus, in relation to the problem of obesity, we hope that our growing understanding that human appetite varies markedly between individuals and that this variation may underlie differences in inter-individual susceptibility to obesity should lead to a more enlightened, sympathetic and humane approach to the obese person and a consequent reduction in their burden of social and economic discrimination.
